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Abstract The nonlinear refractive index of benzene is determined by measuring the 
reduction of the beam divergence of picosecond ruby laser pulses when passing through a 
benzene sample. Time-integrated spatial beam profiles give an effective refractive index 
while time-resolved beam profiles measured with a streak camera allow the determination 
of the temporal evolution of the nonlinear refractive index. 
PACS: 42.65, 42.65.J 
At high laser powers the refractive index of materials 
becomes intensity dependent. The spatial laser beam 
profile causes a spatial refractive index profile and 
leads to self-focusing [1-6]. The overall beam profile is 
responsible for whole-beam self-focusing while an 
intensity modulation of the spatial intensity distri-
bution leads to a beam break-up (small-scale self-
focusing) [5-8]. The combined effects of self-focusing 
and beam diffraction result in filament formation [1-5, 
9-12]. The self-focusing increases the pulse intensity 
enormously and enhances all nonlinear optical effects 
[13-19]. The abrupt rise of nonlinear optical effects is 
an indication of self-focusing and may be used to 
determine the self-focusing length. The determination 
of the nonlinear refractive index from the abrupt rise of 
nonlinear optical effects is complicated by the fact that 
either whole-scale self-focusing or small-scale self-
focusing may act and the small-scale self-focusing 
parameters (ripple widths and modulation depths) are 
difficult to determine. 
The vagueness of whole-scale or small-scale self-
focusing dynamics may be avoided by changing from 
internal self-focusing (focal point caused by nonlinear 
refractive index is inside sample) to external self-
focusing (focal point is outside sample) [1 ]. In this case 
the nonlinear refractive index of the sample causes a 
reduction of the overall beam divergence and the 
effects of small ripples across the beam profile may be 
neglected. 
In our experiments we determine the reduction of 
beam divergence by comparing the beam diameters 
( F W H M ) of two pulses at a certain distance behind the 
sample position, where one pulse passes through the 
sample and the other pulse is bypassed. Our time-
resolved measurements of the beam diameters with a 
streak camera and a two dimensional readout system 
allow the study of the instantaneous and transient 
contributions to the nonlinear refractive index [12,18, 
20]. The effective time-averaged and the time-resolved 
nonlinear refractive index of benzene are measured 
with picosecond light pulses of a ruby laser. The 
reported time-averaged nonlinear refractive index 
coefficients n2 of benzene vary by a factor of ten 
in the region between n 2 = 1.4x 1 0 ~ 2 1 m 2 V ~ 2 and 
l x l O " 2 0 m 2 V - 2 [21-27] (see Table 1, n 2 [ S I ] = £ 
x l 0 " 8 n 2 [ e s u ] [6]). 
1. Theory 
The refractive index n comprises a linear part nL and a 
nonlinear part An, i.e. n — nL + An. The nonlinear part is 
composed of an electronic contribution, Ane, which 
initantaneously follows the pulse intensity, and molec-
ular contributions, Anm, with transient response. The 
electronic part is given by 
^ » « = y . / L = i » 2 . l f i o L l 2 = „ - r - / « - ( 1 ) 
where IL = nLe0c0\EOL\2/2 is the light intensity, E0 is the 
amplitude of the electrical field strength, s0 is the 
permittivity of vacuum, and c 0 is the speed of light in 
empty space. y e is the electronic intensity coefficient 
Table 1. Reported nonlinear refractive index and orientational relaxation values of benzene at room 
temperature 
Parameter Technique Wavelength Ref. 
n 2 = 5 . 9 x l 0 - 2 1 m 2 V " 2 Optical Kerr effect 500 nm and 694.3 nm 21,34 
n 2 = 1 . 0 x t 0 - 2 0 m 2 V ~ 2 Time-integrated interference 694.3 nm 22 
rt2 = 1 . 4 x l ( T 2 1 m 2 V " 2 Optical Kerr effect 694.3 nm 23 
« 2 = 3.2 x l O " 2 1 m 2 V - 2 Raman induced Kerr effect 580 nm and 550 nm 25 
n2 s l = 6 . 7 x l O - 2 1 m 2 V " 2 Optical Kerr effect 1.06 urn and 530 nm 26 
^ 2 = 3 . 0 x l O - 2 1 m 2 V " 2 External self-focusing 694.3 nm This work 
n 2 e = 2 . 6 x l 0 - 2 1 m 2 V - 2 Third harmonic generation 1.89 urn 32 
M 2 e = 4 . 9 x l 0 - 2 2 m 2 V " 2 Three wave mixing 555 nm 33 
« 2 e = 5 . 1 x l 0 - 2 2 m 2 V - 2 Three wave mixing 545 nm 34 
n 2 e = 3 x l 0 " 2 2 m 2 V ~ 2 Field-induced S H G 1.06 urn 35 
rt2e = 5 . 7 x l ( T 2 2 m 2 V ~ 2 Two-beam interference 532 nm and 570 nm 36 
n 2 e = 2 . 6 x l 0 - 2 2 m 2 V - 2 Third harmonic generation 1.054 um 37 
n 2 e = 8 . 4 x l 0 " 2 3 m 2 V - 2 fs optical Kerr effect 620 nm 38 
T 0 = 2ps Raman linewidth 40 
i 0 = 4ps Viscosity 41 
T 0 = 2.6 ps Raman linewidth 42 
T 0 = 2.8 ps Raman linewidth 43 
T 0 = 2.9 ps Rayleigh linewidth 44,45 
T 0 = 3.05 ps Rayleigh linewidth 46 
i 0 = 3.14ps Raman linewidth 46 
T 0 = 2.5 ps Raman linewidth 47 
and n 2 e is the electronic field coefficient of the non-
linear refractive index. The molecular part consists of 
molecular orientation (optical Kerr effect), of molec-
ular redistribution (librations), pressure (electrostric-
tion), and thermal contributions [12,28]. It is given by 
» 2 . 1 * ' 
xexp[-(t-(')A,]dt' (2) 
where T , is the response time of component i. The most 
important molecular contribution in liquids excited 
with picosecond light pulses is due to the optical Kerr 
effect [12, 21, 28]. Taking only this term into account, 
(2) reduces to 
An = 
1 
I /L(0exp[-(f-0Ao]^, (3) 
T 0 is the reorientational relaxation time. In our 
discussions 
An = Ane + An0 = —i— \ n2JL(t) + ^ 
x j /L(0exp[-(t-0/T o]<fr' 
- 00 
" 2 , s A W j " 2 e « 2 o 
t J (f) 
x J - iL iexp[ - ( t - f ' ) /T 0 ]A' 
is used. n 2 , s t = n2e + nio * s the total steady state intensity 
coefficient of the nonlinear refractive index. 
In time-integrated measurements an effective field 
coefficient n2 will be determined by fitting the function 
An(t) = n7 kit) (5) 
to the experimental data. 
Fo r Gaussian pulses, 
h(r, t)=I0L exp [ - ((/t 0) 2 - (r/a) 2], 
(4) reduces to 
h 
n\ßocQ 
with 
exp ( - 3 
(6) 
/ ( 0 = e x p ( - £ ) { ^ + - ^ 
(7) 
Under steady state conditions f(t) becomes equal to 
exp(-t2/t20). 
The light refraction in a nonlinear optical sample is 
illustrated in Fig. l a and b. Only a principle plane is 
considered. The nonlinear refractive index, An, of the 
sample reduces the input beam divergence 0, by 0 s f to 
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Fig. la,b. Schematic illustration of external self-focusing by light passage through sample S. a Ray bending leading to spherical ab-
erration, b Indication of input divergence 6i9 output divergence 0O, and ray deflection 0s{ due to self-focusing action 
an output beam divergence 0O. It is 
0o = 0i + 0sf. 
The input divergence is 
(8) 
(9) 
r{ is given by 
ft 
G 1 - = \Rr*+R->(ri9t)\. (12) 
where r{ is the ray coordinate at the sample and R{ is the 
wavefront curvature radius of the input pulse at the 
sample. The change of beam divergence, 0 s f , due to the 
self-focusing action is given by [Ref. 29, Fig. 27 and 
Eq.(138a)]: 
/ s f has its minimum, / s f > m i n , at the beam center (r{ = 0). At 
distances / > / s f , m i n some rays cross (Fig. la) and it 
becomes difficult to calculate the spatial intensity 
distribution at /. Our calculations restrict to /< / S f , m i n 
and the intensity distribution at / is given by 
0 s f = / s dn 
dAn 2lsr{n2t%t 
nLe0c0at 
2!OL exp 
r, 
exp ^sf(ri>0 ^sf , 0 
fit) 
fit) (10) 
af tl) 
- ^ ' > 4 + [£ + S^]'} 
with 
(13) 
(14) 
and 
where Zs is the sample length. Rs^rv t) is the change of 
the wavefront curvature radius due to self-focusing. 
The shortest wavefront radius occurs at r=0. j R s f 0 is 
Insertion of (14) and (15) into (13) results in 
7 0 L exp 
A.,*f(,o>0 — 1 
af tl) 
[* + R{ + i U r J 1 + R+ RJr^A1 af )] 
and the spatial intensity distribution function s s f(r0, t) at time t is 
(16) 
'" j_ i ir ± i ( 2 i fy • 
. + R{ + J ? > i , t)\ l + R i + RJrb t) { af )_ 
(17) 
the steady-state wavefront radius at r=0 and t=0. It is 
R n,ß0c0a{ sf, 0 _ 2/„WT<,,It) 
(11) 
As is shown in Fig. l a , there exists no common 
external self-focusing point because of the spatial 
Gaussian dependence of 0 s f (spherical aberration [1]). 
The external self-focusing length, / s f , of a ray at position 
The spatial energy density w s f(r 0) is 
w,r(r0)= J Iu^ra,t)dt 
— 00 
and the spatial energy distribution function is 
w s f(r 0) 5w, sf(ro) ~~ w8f(0) 
(18) 
(19) 
The intensity distribution of the pulse bypassing the 
sample is 
| M l LASER | \ SWITCH [ I AMPLIFIER | -f^ 
^L,nsf(ro5 0 — 
with 
r? t2 
^ L C X P I - - I - 7 2 
1 + 
R: 
(20) 
r0 = rA 1 + Ri 
(21) 
and the intensity distribution function, s n s f(rQ, t), is 
i L , n s f l U » l ) 
with 
(22) 
(23) 
The intensity distribution function, s n s f(r 0, t), is equal to 
the energy distribution function, sw n s f(r c). In the analy-
sis s s f(r0, r) and 5wsf(r0) as well as the spatial half-widths 
Arsf(t)lss((Arsf,t) = 0.5] 
and 
^>*w,sf E V s f ( ^ w , s f ) = 0-5] 
are determined numerically and related to the non-self-
focused situation. The calculated ratios of Arsf(t)/Arnsf 
and Ar^ JArnsf are compared with experimental re-
sults [Arns{ is the spatial half-width of the non-self-
focused beam ( H W H M ) ] . 
2. Experimental Arrangement 
The experimental setup is shown in Fig. 2. Trains of 
pico-second light pulses are generated in a passively 
mode-locked ruby laser (pulse duration z l f L ~35ps , 
laser wavelength i L = 694.3 nm) [30]. Single pulses are 
selected with a Pockels cell shutter and the separated 
pulses are increased in energy in a ruby amplifier. The 
laser pulses are split into two parts. One part serves as 
reference and is passed directly to the streak camera 
SC. The second part passes through the sample cell S 
before it is directed to the streak camera. The peak 
intensity of this pulse is determined by energy trans-
mission measurement (photodetectors P D 1 and P D 2) 
through the saturable absorber D D I [31] (small signal 
transmission T o=0.03). The optical paths of the two 
beams are adjusted so that they simultaneously reach 
the input slit of the streak camera (Hamamatsu type 
CI587 with fast streak plug-in type M1952, highest 
SC COM CCD 
4 -
i I 
i S BS BS J 
fl--y( 
DCCJD 
PD2 P01 
Fig. 2. Experimental set-up. H M , 50% mirror. BS, beam splitters. 
D C , saturable absorber cell for peak intensity detection. P D 1, 
P D 2, photodetectors. S, sample cell. F, filters. SC, streak camera. 
C C D , two-dimensional image-intensified C C D camera. C O M , 
personal computer. Inset below streak camera illustrates spatial 
shapes of the non-self-focused beam 1 and of the self-focused 
beam 2 
time resolution is approximately 2ps). The narrow 
central stripes of the pulses passing through the input 
slit are temporally resolved by the streak camera. The 
time-resolved spatial intensity distributions of both 
pulses at the streak camera output screen are recorded 
with an intensified two-dimensional C C D camera 
(Proxitronic type P C 1450LL). The C C D images are 
analysed with an image processing system (Imaging 
Technology type P C V I S I O N plus Frame Grabber) 
and a personal computer (Olivetti M 24). The picture 
analysis allows the determination of the time-resolved 
spatial intensity distributions 7L(r0, t) and of the time-
resolved beam radii Ar(t). The temporal integration of 
the pictures gives the spatial energy density distri-
butions w(rQ) and the time-integrated beam radii Ar^. 
The experimental parameters of the external self-
focusing measurements are collected in Table 2. 
3. Experimental Results 
The experimental time-integrated beam narrowing is 
displayed in Fig. 3. The ratios of the beam radii 
^ r w , s f / ^ r n s f
 a r e plotted versus the normalized input 
pump pulse peak intensity I0L/af. The curves in Fig. 3 
are calculated for various effective nonlinear field 
coefficients n 2 . The best-fitting value is n 2 = 3.0 
x l O ~ 2 1 m 2 V ~ 2 (Table 2). This value is in the range of 
previously reported n2-values [21-27] and it agrees 
very well with n 2 = 3.2 x 1 0 " 2 1 m 2 V ~ 2 of [25], which 
was determined by Raman-induced Kerr-effect 
measurements. 
The electronic field coefficient n 2 e has been re-
ported in the range between 8.4 x 1 0 " 2 3 m 2 V " 2 and 
2 . 6 x l 0 " 2 1 m 2 V - 2 [32-38] (Table 1). The relation 
between n 2 e and the third-order nonlinear electronic 
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Table 2. Experimental parameters and results 
Parameter Value Ref. 
Experimental parameter 
Laser wavelength 4 = 694.3 nm 
Average pulse duration ^ r L = 35ps (FWHM) 
Wavefront curvature i ? i = 8.7m 
1/e-beam radius al = \.25 mm 
Sample length / s = 5 cm 
Distance /= 1.26 m 
Benzene parameters 
Linear refractive index n L = 1.4982 a 
Average field coefficient « 2 = ( 3 ± 0 . 3 ) x l 0 - 2 1 m 2 V - 2 This work 
Electronic field coefficient n 2 e = 2 . 6 x l ( T 2 2 m 2 V " 2 37 
Orientational field coefficient w 2 o = ( 2 . 8 ± 0 . 3 ) x l ( T 2 1 m 2 V - 2 This work 
Steady-state field coefficient " 2 , s t = ( 3 . 1 ± 0 . 3 ) x l ( T 2 1 m 2 V - 2 This work 
Rotational relaxation time T 0 = 3.1ps 46 
a Extrapolated from [48] 
i 1 1 1 1 1 1 c 
0 2x1010 4xW10 öxlO10 8x1010 10" 
NORMALIZED INPUT PEAK INTENSITY I 0 L / a 2 [W/cm4] 
Fig. 3. Time-integrated beam narrowing versus input pump 
pulse peak intensity. The experimental parameters are listed in 
Table 2. The circles are measured. The curves are calculated for 
(1) n 2 = 2 x l O - 2 1 m 2 V - 2 , (2) n2 = 3 x 1 ( T 2 1 m 2 V " 2 , (3) n 2 =4 
x 1 ( T 2 1 m 2 V " 2 , and (4) w2 = 5 x 1 ( T 2 1 m 2 V ' 2 
TIME t [ps] 
Fig. 4. Time-resolved beam narrowing drsf(t)/Arnsf of a laser 
pulse. The dashed curve shows the input temporal pulse shape 
(streak camera picture of non-self-focused beam). The input pulse 
peak intensity is / 0 L = 1.1 x 109 W/cm 2 and the pulse duration is 
AtL-35 ps. The circles show digitized beam narrowing ratios. 
The solid curve is calculated with the parameters of Table 2 
susceptibility xäU.e * s g i v e n by [39]: 
3 
3 
= — Xxxxx, e( - 3cwL; coL, coL9 (oL). (24) 
The last equality is valid if the third harmonic non-
linear susceptibility 
X T H G = Xxxxx, e( - 3 COL, W L , OJL) 
is not enhanced resonantly. [For esu units the relation 
is n2e = (127r/nL)xä)xx,e-] The effective field coefficient n2 
is approximately a factor of ten larger than the 
electronic field coefficient n2e of [35, 37] indicating 
that n2 is mainly determined by the orientational field 
coefficient n2o. 
In Fig. 4 the time-resolved beam narrowing is 
shown for a single shot with a pump pulse peak 
intensity of / 0 L ^ 1.1 x 10 9 W / c m 2 and a pulse duration 
of AtL~35 ps. Arsf(t)/Arnsf is plotted versus time. The 
dashed curve shows the temporal pulse shape of the 
non-self-focused pulse. The minimum width of the self-
focused beam occurs slightly behind the pulse max-
imum. The temporal shift ts[ of the minimum width 
behind the pulse maximum is determined by the 
response time T 0 of the molecular nonlinear refractive 
index contribution. For small shifts t s f is slightly less 
than T 0 (for large shifts t s f becomes considerably less 
than T 0 , see Fig. 6). The solid curve in Fig. 4 is 
calculated with the n2e, n2o, and T 0 values listed in 
Table 2. n2o is a factor of ten larger than n2e. n 2 , s t = n 2 e 
+ n2o is approximately equal to n2. This fact indicates 
that external self-focusing in benzene occurs under 
nearly steady-state conditions for ruby laser pulses of 
approximately 30 ps to 40 ps duration. The orien-
tational relaxation time of benzene of r 0 ^ 3 . 1 p s 
[40-47] (Table 1) is approximately a factor of ten 
shorter than the pulse duration. 
4. Computer Simulations 
The dependence of the external self-focusing on vari-
ous pump pulse parameters and material parameters is 
analysed numerically in the following. 
In Fig. 5 the time-integrated beam narrowing, 
zlr w s f//dr n s f , is plotted versus the steady-state focusing 
strength 
/ 
R sf.o 
2Hsn2stI0] (24) 
for various transient situations. The time ratio 
To/t0 is varied. The curves belong to R^co and 
n 2 o / n 2 s t = 1. The beam radius a{ has no influence. The 
self-focusing action is strongest for the steady-state 
situation (rjt0 0). 
The time-resolved beam narrowing, Arsf(t)/Arasf, is 
illustrated in Fig. 6. The input pulse has a Gaussian 
shape. It is indicated by the dotted curve. The time 
ratio xjt0 is varied. The solid curves belong to Kst = 0.5, 
Rt = o o , and n2Jn2sx = 1 with different xjt0 values. The 
dashed curve belongs to xjt0 = 0. The dash-dotted 
curve is calculated for fc s t = 0.5, Ä j = o o , n 2 o / n 2 > s t = 0.8, 
0.8 1.0 0.2 OA 0.6 
STEADY-STATE FOCUSING STRENGTH v s f 
Fig. 5. Computer simulation of time-integrated beam narrowing, 
Arw,sf/4rnsf, versus steady-state focusing strength Ksf = l/Rsf0. 
Fixed parameters are: R{ = oo and w 2 e=0.'The curves belong to 
t«Ao = 0(l), 0.3(2), 1(3), 3(4), 10(5), and 100(6). Curves are 
independent of input beam radius at 
J2 
< 
-1 o 
NORMALIZED TIME 
Fig. 6. Computer simulation of time-resolved beam narrowing, 
Ar^t)IArn^ versus time. The dotted curve shows the temporal 
input pulse shape. Solid curves: R4 = oo, n2e = 0, Ksl-l/Rsft0 = 0.5 
with 1^0=0.1 (1), 1(2), 3(3), and 10(4). Dashed curve: R ^ o o , 
n2oz=0i and /cst=0.5. Dash-dotted curve: ^ = 00, n2t = 0.2n2,s„ 
K s t=0.5, and xJt0 — \ 
and T o / f 0 = l . The beam-width minimum shifts to 
longer delays with increasing response time and in-
creasing n2o/n2st values. The beam narrowing effect 
reduces with increasing response time. 
5. Conclusions 
The analysis of the time-integrated and time-resolved 
beam narrowing caused by external self-focusing offers 
a method to determine the nonlinear refractive indices 
of materials. The whole-beam narrowing provides an 
effective nonlinear refractive index coefficient n2, while 
time-resolved beam narrowing measurements allow 
the separation of fast electronic and slow molecular 
nonlinear refractive index contributions. Response 
times in the temporal region of 0 ^ t o ^ 2 t 0 may be 
determined by the time-resolved beam narrowing 
analysis (Fig. 6). 
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